A precolumn fluorimetric labeling method was tested for shipboard HPLC analysis of dissolved fret amino acids (DFAA) in natural waters. No sample preparation is required and all naturally occurring amino acids plus ammonium are sufficiently separated within 30 min, Striking diel trends were observed to a depth of at least 60 m, with maximal DFAA concentrations (200400 nM) in the late evening and minimal concentrations (3040 nM) in the early day. Concurrent with the evening concentration maxima were elevated relative abundances of basic amino acids (especially ornithinc and lysine) and ammonium. During the day very low levels of amino acids were found in the upper water. The magnitude of the night-to-day drop in total DFAA suggests a net heterotrophic uptake rate of up to 6 pg AA-liter-'ah-'. A pronounced amino acid maximum at the 0,-H!+ interface in the water column was presumably derived from microbial populations inhabiting this region. Pronounced, coincidental minima in amino acid and ammonium concentrations just above this interface may be related either to scavaging by precipitating metal oxyhydroxides or to enhanced heterotrophic utili-
Dissolved
free amino acids (DFAA) and ammonium are intimately involved in a number of short term dynamic biochemical and even physiochemical processes in the ocean. We have used high pressure liquid chromatography (HPLC) (Lindroth and Mopper 1979) at sea to analyze these compounds.
Most determinations of DFAA in seawater have involved the use of preservation, concentration, and desalting techniques combined with onshore analyses (cf. Dawson and Pritchard 1978; Dawson and Liebezeit 1981) . The rapid HPLC method used here (~30 min per sample) requires none of these time-consuming and potentially contaminating steps. This approach, when combined with appropriate biological measurements of productivity, biomass, grazing rates, uptake rates, etc. should prove useful for studying the cycling of nitrogenous DOM.
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Study area
Measurements were made about 50 km east of Gotland (57"05'N, 19'26'E) Kullenberg 1933) . A slow northerly surface drift with currents typically 3-6 cm * s-l was dominant at the sampling station. The meteorological conditions before and during the study were uneventful. The winds were slight and variable and rarely exceeded 4-5 rn. s-l. The days were clear to partially overcast. During the study, the surface water temperature increased from about 4" to about 8°C. Productivity was low to moderate as indicated by examination of plankton tows and particulate matter after filtration; phytoplankton was densest, up to 80 pg C. liter-l, in the upper 20 m and consisted primarily of flagellates and diatoms (Liebezeit 1980) . Water at the station was about 180 m deep, with a pycnocline at about 75 m and anoxic, stagnant water below about 150 m (Fig. 1) . Dawson and Gocke (1978) analyzed DFAA in seven samples from the area of the Gotland Deep; the samples had been preserved and the analysis involved desalting and lyophilization steps. The total concentrations varied around 200 nM and the mole % composition was fairly uniform in all samples, with serine and glycine dominating the spectra. Correlations between concentrations and heterotrophic activity were not found.
Methods
Sampling-Most samples were taken with TPN samplers (polycarbonate) (Hydrobios Inc. Kiel) upstream in the prevailing current. Some surface samples (1 m) were obtained with a thoroughly rinsed 2.5liter glass reagent bottle inside a weighted stainless steel cage. A nylon lint, with a float attached 1 m above the mouth of the bottle, was used to cast the sampler. Surface samples taken simultaneously with the TPN sampler and the glass bottle showed no significant differences in amino acid concentration or composition;
we concluded that the TPN sampler introduced no measurable amino acid contamination.
Water from the TPN samplers was immediately transferred to copiously rinsed, sterilized, silanized loo-ml amber glass bottles. Most HPLC analyses were done within 10 min; however, for depth profile series some samples were stored up to 5 h at 2°C in the dark before analysis. (OPT) and 2-mercaptoethanol (MERC). The resultant isoindolc derivatives were separated on a reversed phase (C-18, porous silica-based) column using a methanol-phosphate buffer gradient and detected online fluorimetrically. Details of the instrumentation, procedures, precision, accuracy, and recovery of spiked amino acids are given by Lindroth and Mopper (1979) and Hamberger et al. (in press) .
Because in situ concentrations of amino acids in seawater are low, we concentrated the original fluorimetric reagent of Lindroth and Mopper and added it to the samples in smaller volumes. To 500 ,ul of seawater we added 5 ~1 of borate buffer (0.8 M adjusted to pH 12.5 with 10 M NaOH) and 5 ~1 of a methanolic solution of OPT/MERC, consisting of 50 mg of OPT and 50 ~1 of MERC in 1 ml of methanol. The OPT/MERC reagent, stored at 2°C in the dark, was stable for 4-5 days. The reaction time was 2 min at pH 9.5 + 0.2 and room temperature. Usually 100 ~1 of the derivatized sample (corresponding to about 95 ~1 of original seawater sample) was injected directly into the high pressure liquid chromatograph; however, as much as 500 ~1 of sample may be injected without appreciable band broadening. At the IO-nM level the SD was generally < + lo%, and the average recovery of spiked amino acids was 100 + 3%. The SD for ammonium at the 0.2-PM level was about &20%. The only detectable amino acids in the blankserine and glycine -were present in concentrations about one order of magnitude lower than the lowest naturally occurring concentrations in natural seawater. The quantity of OPT/MERC reagent added to a fixed volume of seawater could be varied by a factor of 10 with no substantial differences in the resulting spectra, indicating that the derivatization reaction goes nearly to completion. The detection limit of the method is about 5-10 x lo-l4 mol per injected amino acid (100 ~1 injected). Typical chromatograms of a standard mixture and a seawater sample are shown in Fig. 3 . The amino acids were identified by spiking with standards. Proline, hydroxyproline, and cysteine are, unfortunately, not detectable by this method.
Preservation of water samples-Because we analyzed some samples 5-6 h after collection, we examined the short term effects of storage and preservation on DFAA spectra (Mopper and Lindroth unpubl.). We found that samples could be stored in silanized bottles for up to 8 h at 2°C in the dark with only slight changes. Silanization is recommended in order to minimize adsorption effects and wall-induced hydrolyses. For long term storage we recommend that samples be gently filtered through O.5-I.O-pm precleaned filters, followed immediately by quick-freezing and storage at -40°C.
Results
We report here the DFAA analyses for two diel studies and give a detailed depth profile. The relative compositions of DFAA (mole %) and absolute concentrations of total DFAA (nM) and ammonium (PM) in the water column from the surface (1 m) to just above the sediment-water interface (170 m) are given in Table 2 . Depth variations in the to.tal concentration of DFAA and ammonium are shown in Fig. 4 and relative compositions (mole %) of different groups of related amino acids in Fig. 5 . Large fluctuations in the total concentration and relative composition of DFAA were observed in the region of the O,-HS-interface (Fig. 4) . The deeper water was characterized by a dominance of basic amino acids (Fig. 5) . Table 2 (l-60 m, 1400 hours) and Table  3 give the relative compositions of DFAA (mole %) and absolute concentrations of total DFAA (nM) and ammonium (PM) in the upper 60 m during the second diel study. Temporal changes in the total concentrations for both diel studies are shown in Figs. 6 and 7. Striking diel variations were observed on both occasions, with concentrations maximal (= 200400 nM total DFAA) in the evening and minimal (30-50 nM total DFAA) in the morning and early afternoon. Ammonium values for the first 24-h study were not reliable and are not shown in Fig. 6 . Figure 8 shows the temporal changes in the relative compositions (mole %) of different groups of related amino acids, averaged over the upper 60 m, for the second 24-h study.
There were large diel changes in composition concurrent with the diel variations in concentration.
The basic amino acids, especially ornithine and lysine (Table 3) , and ammonium increased in concentration and relative abundance in the evening, while the acidic amino acids (aspartic and glutamic: Table 3 ) correspondingly decreased in relative abundance.
Discussion
Depth variations-Basic amino acids, especially ornithine (Table 2) , increased in relative importance with increasing depth in the water (Fig. 5 ). This trend is 2-sulfur; 3-aliphatic neutral; "acidic + amidic amino acids; S-aliphatic OH; 6-basic. probably due to a depth-related increase in heterotrophic activity. High relative concentrations of basic amino acids at depth at a station in the Norwegian Sea have also been observed (Garrasi et al. 1979) . Liebezeit et al. (1980) found enhanced concentrations of dissolved amino acids and sugars above pycnoclines (density boundaries) in the Sargasso Sea and attributed them to enhanced microbial activity as a result of entrapment of particulate organic matter above the density gradients. We found a pycnocline at a depth of about 75 m (Fig. l) , and the DFAA profiles showed a small concentration maximum (Fig. 4) and an enrichment in basic amino acids (Fig. 5) in its vicinity.
These results are probably also related to increased heterotrophic activity.
The most striking fluctuations with depth in the total DFAA (Fig. 4) and the mole % compositions ( the vicinity of the oxic-anoxic boundary (~150-155 m), where several pronounced maxima and minima occurred. Similar fluctuations have been found for ATP and total adenine nucleotides and for adenylate energy charge ratios near the oxic-anoxic boundary in the Black Sea (Karl 1978) . Such fluctuations are probably due to layering and interlayering of different, dense microbial populations, especially in the zone where 0, and HS coexist in low concentrations (Karl 1978) .
The high concentration of ammonium below the O,-HSinterface (Fig. 4) is undoubtedly related to sulfate reduction (Richards 1965) . Th e minima in DFAA and ammonium (at -140 m: Fig. 4) above the oxic-anoxic zone may be related to strong adsorption of these compounds onto and into coprecipitating iron and manganese oxyhydroxides.
These precipitates have been previous1 y found in elevated concentrations in a narrow zone above oxic-anoxic boundaries (Spencer et al. 1972; Danielsson et al. 1980 ) and their ability to effectively scavenge trace amounts of dissolved organics is well documented (Jeffrey and Hood 1958) . Alternatively, the increased particulate matter in this zone may provide a favorable habitat for microbial growth, which suggests that enhanced heterotrophic uptake of nitrogenous compounds may also be occurring. Diel variations -The observed diel variations in the upper water column (Figs. 6-8 ) may be due to physical factors, such as tidal cycles or internal waves. However, as previously mentioned, the tidal influence in the area is almost negligible.
Internal waves, on the other hand, may give rise to some variation in total amino acids within a specific water layer, as previously noted for chlorophyll (Denman 1977) , but it seems unlikely that they could cause a 5-lo-fold concentration change in DFAA (Figs. 6, 7) at different times of day through a water column of at least 60 m. Salinity data from the station (Liebezeit 1980; M. Ehrhardt unpubl.) showed no significant correlation with the DFAA variations. Furthermore, physical factors can hardly be implicated in the observed diel changes in the actual amino acid composition (Fig.  8) .
Diel variations in biologically labile organic compounds have been noted before. Ammerman and Azam (1981) observed diel increases of dissolved cyclic adenosine 1 monophosphate followed by rapid bacterial uptake in nearshore and offshore surface waters off California. Large nocturnal increases in particulate amino acids in the euphotic zone relative to deeper water have been observed in sediment traps in the Peru upwelling area (Lee and Cronin 1982) . Meyer-Reil et al. (1979) found that diel changes in various microbial parameters (glucose and fructose uptake rates and bacterial biomass) correlated well with changes in DOC, POC, and total DFAA in the open, southeastern Baltic Sea during a single 24-h station. Sieburth et al. (1977) and Burney et al. (1979) observed diel changes in dissolved carbohydrates in the North Atlantic. Similar changes were found in a coastal pond (Walsh 1965) and off the coast of Peru (Sellner 1981) . Thus it appears that diel release and uptake of labile dissolved organic compounds by organisms are common phenomena; however, these rhythms may only be discernible in the absence of pro-nounced physical perturbations such as well as other free amino acids are apparstrong tidal cycles or upwelling (Meyerently rapidly cycled (released and re- Reil et al. 1979) . sorbed) in the upper water (Figs. 7, 8 ). We think that the diel variations in the upper water in the Baltic Sea were caused by coincidental related biological processes, such as heterotrophic utilization (Williams et al. 1976; Burney et al. 1979) , phytoplankton and zooplankton excretion and uptake (Webb and Johannes 1967; Hellebust 1974; Wheeler et al. 1977 ), release during "sloppy feeding" of grazers (Lampert 1978) , release during autolysis, and hydrolysis of macromolecules by exoenzymes. We can only speculate as to which of these processes dominated during different periods of the day-night cycle.
Some insights can be gained by examining the diel variation in the relative composition of DFAA. From Fig. 8 it can be seen that basic amino acids, especially ornithine and lysine (Table 3) , and ammonium increased in relative and absolute concentrations in the evening. The increase in basic amino acids was offset mainly by a corresponding decrease in acidic amino acids (aspartic and glutamic: Table 3 ). Ornithinc is involved in the urea cycle and ammonium is a common animal exudate as well as the dominant bacterial nitrogenous fermentation product. Therefore, we suggest that these results are primarily due to enhanced heterotrophic activity. Our observation that basic amino acids dominate the amino acid spectra in the deeper waters (Fig. 5) , where presumably only heterotrophic activity occurs, supports this.
High relative concentrations of free ornithine in seawater have been reported before (e.g. Clark et al. 1972) . Degens (1970) suggested that free ornithine is derived from arginine through the hydrolyzing action of the algal-derived enzyme arginase, presumably extracellularly. The importance of this process to our results is not known, Crawford et al. (1974) hypothesized that ornithine is released into the water at low rates, but tends to accumulate due to very slow bacterial uptake rates. Our data are not consistent with this hypothesis, since ornithine as
The results of the few published studies of amino acid exudates of marine animals and phytoplankton suggest that the increased evening concentrations of DFAA probably did not originate directly from excretion by large zooplankton, since their pattern of released DFAA is dominated by glycine, taurine, and alanine (Webb and Johannes 1967), not basic amino acids. Nor are ornithine and lysine quantitatively important as intracellular free amino acids of mixed phytoplankton and microzooplankton communities (Jeffries 1969) . On the other hand, the evening increases may be indirectly caused by zooplankton activity. Figures 6 and 7 show that the maxima in total DFAA appear to be shifted to earlier times with decreasing depth in the water column. This pattern may be related to migrating grazers, which progressively ascend to the surface during the afternoon and early evening (Enright 1977) . "Sloppy feeding" by zooplankton (Lampert 1978) has been shown to be associated with accumulations of dissolved carbohydrates (Burney et al. 1979) , probably as a result of spillage of food reserve products of the phytoplankton. These dissolved carbohydrates can in turn serve as substrates for heterotrophic bacteria (Sieburth et al. 1977; Burney et al. 1979) , greatly stimulating their growth. Evening increases in microbial growth have been previously observed in the open Baltic Sea (Meyer-Reil et al. 1979 ) and in the North Atlantic (Sieburth et al. 1977) . We speculate that basic amino acids, as well as other nitrogenous waste products, are released by microorganisms during this enhanced growth period.
The augmented levels of free amino acids in the evening (Figs. 6,7) were rapidly reduced to very low levels by early morning, probably by further microbial activity, since phytoplankton do not take up amino acids in the dark (Wheeler et al. 1974) . The magnitude of the night-today drop in total DFAA, of about 200400 nM in ~6 h, suggests a net heterotrophic matic determination
